The observation that a Streptomyces sp. was capable of producing penicillin N was reported from our laboratories in 1962 (I. M. Miller, E. 0. Stapley, and L. Chaiet, Bacteriol. Proc., p. 32, 1962). In the course of an investigation directed toward the discovery of new antibiotics, we have isolated from soil a number of actinomycete cultures that produce a new family of cephem antibiotics which we have designated cephamycins. These substances are characterized by the presence of a methoxyl group in addition to D-a-amlnoadipic acid on the 7-cabon of the cephem nucleus. The cephamycins contain a variety of substitutions on the 3-carbon, as shown in Fig. 1 . The isolation, chemical characterization, and structural studies of cephamycins A, B, and C will be reported in detail elsewhere (1, 4) . That capacity for synthesis of the cephamycins is widely distributed is indicated by the fact that we have already discovered eight different species of streptomycetes which produce one or more of these antibiotics.
Fermentation studies and isolation of purified antibiotics were first accomplished with S. griseus (NRRL 3851), which produces a mixture of cephamycins A and B, and with S. lactamdurans (NRRL 3802), a new species which produces cephamycin C. To our knowledge, this constitutes the first written report of the discovery of cephamycins A and B. Cephamycin C has been found to be identical to metabolite four from S. clavuligerus, which was reported by Nagarajan et al. (5) . The particularly interesting because of its structural similarities to the cephalosporins, heretofore thought to be produced exclusively by filamentous fungi, and because of the biological characteristics which suggest a potential for practical utility. The cephamycins have been found to be active against a wide spectrum of bacteria, including a number of microorganisms resistant to the cephalosporins and penicillins. Activity against the genus Proteus is particularly high. An especially interesting property of the cephamycins is their unusually high resistance to degradation by ,1-lactamase. The discovery of the cephamycins underscores, once again, the amazing biochemical versatility of the actinomycetes. The ubiquitous nature of these microorganisms is well exemplified by the fact that a wide variety of species of Streptomyces isolated from soil samples obtained from sources all around the world have been found to produce cephamycins A and B. On the other hand, the rarity of certain types of biochemical capacities is equally well demonstrated by the fact that discovery of cultures which produce cephamycin C has proved to be a very rare event.
MATERIALS AND MlEHODS
Taxonomic studies. The cultural characteristics of the microorganisms which produce the cephamycins were determined by use of the media and methods described by Waksman (10), Pridham, Hesseltine, and Benedict (7) , Pridham and Gottlieb (6) , and the International Committee on Bacterial Nomenclature (9) . The taxonomic keys of Bergey's Manual (7th ed.) and of Waksman (10) Fermentation studies. Laboratory fermentations were run in 250-ml Erlenmeyer flasks at 28 C on a shaker with a 2-inch (5-cm) throw at 220 rev/min. Baffled Erlenmeyer flasks containing 50 ml of medium were used for seed development. Seed flasks were incubated on a rotary shaker for 2 to 3 days to obtain good growth. Production media were used, unless otherwise indicated, at 40 ml per unbaffled Erlenmeyer flask. Flasks for production were inoculated with 2 to 4% of the mature seed broth. These flasks were then incubated, under the conditions stated above, for 3 to 5 days.
Larger quantities of broth required to support extraction and purification studies were produced in 2-liter baffled Erlenmeyer flasks containing 350 ml of fermentation medium, and were incubated for 3 to 5 days at 28 C on a rotary shaker with a 2-inch throw at 140 to 145 rev/min. Material for large-scale purification studies was obtained by similar fermentations performed in 200-or 2,000-gal (757-or 7,570-liter) stainless-steel fermentors provided with mechanical agitation and aeration.
Progress of the fermentation was monitored by microbial inhibition assays performed on supernatant fluid from centrifuged broth samples (6,000 rev/min for 10 min) by methods described below.
All media employed in fermentation studies were autoclaved at 120 C for 20 min. Yeast Plates 100 mm in diameter were used; each plate contained 5 ml of nutrient agar plus 0.2% yeast extract which was seeded with 5 ml of diluted (optical density, 0.22) 18-hr broth culture for 150 ml of medium. An increase in diameter of zone of inhibition of approximately 2.3 to 2.6 mm was obtained with a doubling of antibiotic concentration when 0.25-inch (6.35 mm) discs were employed. Inhibition zones 20 mm in diameter were observed when a concentration of 40 ,ug of pure cephamycin per ml was applied to discs 0.25 inch in diameter and plates were incubated for 18 hr at 37 C.
A similar, but somewhat more sensitive, assay for the cephamycins was performed against Vibrio percolans MB-1272. Plates were prepared as indicated above. When such plates were incubated for 18 hr at 28 C, the dose response slope for cephamycin C was 3.0 to 3.5 and the zone diameter was approximately 27 mm for a concentration of 5 ,ug of cephamycin C/ml when assays were performed with moistened Schleicher & Schuell filter-paper discs 0.5 inch (12.7 mm) in diameter.
The range of concentrations in assays performed with P. vulgaris was from 4 to 500 ,ug/ml. The range of concentrations which could be measured in the V. percolans MB-1272 assay was from <1 to 20 ,g/ml.
Identification studies. The biological characteristics of the cephamycins were investigated with standardized antibacterial spectrum and cross-resistance assays and by the evaluation of the effect of selected agents on antibacterial activity (special effects spectrum). The procedures used have been discussed in detail previously (8) . Antibiotic activity on paper-strip chromatograms or paper electrophoresis strips was determined with bioautographs performed on thin-agar plates prepared in the same manner as the assay plates.
Paper-strip electrophoresis was performed in a refrigerated unit operated for 2.5 hr at 600 v with 0.165 M phosphate buffer at pH 7.0 on strips of Schleicher & Scheull SS-598 filter paper 52 cm in length. Paperstrip chromatography was performed by the descending technique with Whatman 3MM filter paper. The following solvents were used: (A) isopropanol-water, 70:30, and (B) butanol saturated with 0.5 M phosphate buffer (pH 7) developed with solvent phase in an atmosphere saturated with aqueous phase. The mobilities were recorded as the Rp of the center of the zone of inhibition observed after overnight incubation on bioautograph plates.
The spheroplast induction test was performed by the procedures described by Lederberg (3) .
Sensitivity to ,B-lactamase was determined by the methods described by Demain et al. (2) .
RESULTS AND DISCUSSION
Taxonomic studies. All of the cephamycinproducing cultures studied thus far have been classified as members of the genus Streptomyces. The conclusions drawn from the taxonomic studies of 27 such isolates are summarized in The microorganism which produces cephamycin C was examined by employing accepted methods of identification. Although the culture possesses the attributes of the genus Streptomyces, all efforts to induce sporulation have failed. In an attempt to reduce this culture to the species classification, the keys employed were those described in Bergey's Manual (7th ed.) and by Waksman in The Actinomycetes, vol. 2.
The closest described species is S. fradiae. Biochemically, the match between S. fradiae and MA-2908 is essentially perfect. However, morphologically there are important differences. For example, the color of the aerial mycelium of S. fradiae is a seashell pink, whereas the cephamycin C-producing culture is usually cream. Also, vegetative growth shows pigment differences on various media employed and, as stated above, culture MA-2908 fails to sporulate.
The cultural charactetistics of the cephamycin C-producing microorganism MA-2908 are reported in Table 2 . In addition to the information in Table 2 , it should be pointed out that sporophores were not detected when the culture was grown on media listed in these descriptions of the cultural characteristics, even though repeated observations were made up to 8 weeks of incubation. However, stained impression slides showed long filaments, many segmented into subunits of various sizes, generally rodshaped and approximately 0.9 by 1.7 Aum in size. The aerial mycelium is short and straight, and exhibits little branching. It appears to be about the same size as the vegetative mycelium (0.9 Am in width). It is light, powdery, and scrapes off easily. Vegetative mycelium is grampositive and not acid-fast. It clings to and in some media is imbedded in the agar. There is some fragmentation into rods in shaken Erlenmeyer flasks grown in liquid media, but this is not extensive. Vegetative mycelium from flask cultures in liquid media (4 to 6 days of age, 28 C), when incubated either shaken or stationary, showed some "buds" and short, thickened, almost club-shaped segments of mycelium. These structures were not numerous, and their significance, if any, is not known.
On the basis of the differences between the cephamycin C-producing culture MA-2908 and all previously described species of Streptomyces, we propose that the culture be assigned a new species with the name S. lactamdurans. Fig. 2 . The response was linear for P. vulgaris MB-838 when plotted as a function of the log of the concentration over a range from 4 to 500 ,ug/ml. Individual dose response curves for cephamycins A, B, and C were found to be almost superimposable for this specific organism. Relative potencies could be determined by comparison of diameters of zones of inhibition or, with the availability of purified samples of the antibiotics, by comparison with the zone produced by a known quantity of antibiotic.
For the production of cephamycins A and B, inoculum of S. griseus MA-2837 was developed in a medium composed of: beef extract, 3.0 g; NZ-amine, 10.0 g; dextrose, 10.0 g; NaCI, 5.0 g; and distilled water, 1,000 ml. Examples of media used for the production of cephamycins A and B are presented in Table 4 . The concentration of cephamycins A and B in medium A was approximately 9 ,ug/ml after 48 hr of incubation. Evaluation of various formulas resulted in the selection of medium B for initial fermentation experiments. The yield in medium B was found to be approximately 13 ,ug/mnl after 4 days of incubation. In a series of medium development experiments, a new medium (medium C in Table 4 ) was developed which gave considerably higher yields of cephamycins A and B. S. griseus MA-2837 in medium C produced approximately 50 ,ug/ml. When the temperature of this fermentation was reduced from 28 to 24 C, the yield was increased to 100 Ag/ml after 2 days of incubation. Strain selection by single-colony isolation of natural variants of S. griseus MA-2837 resulted in the selection of a subisolate, S. griseus MA-4125, which produced from 130 to 170 ug/ml of cephamycins A and B after 2 days of incubation at 24 C in medium C. Thus, by variation in the medium formula, reduction in the temperature of incubation, and selection of a superior natural isolate, the yield of the S. griseus fermentation for cephamycins A and B was increased by almost 20-fold, from 9 Ag/ml to as much as 170 ,g/mI.
Cephamycins A and B can also be produced in a chemically defined fermentation medium. An example of such a medium is presented in Table 4 for production of cephamycin C was initially performed with medium E ( negative bacteria than the gram-positive bacteria. It will be noted that the antibacterial spectra of cephamycins A and B are very similar. If the concentration of antibiotic employed in these tests is examined, it will be observed that concentrations of cephamycins A and B are much higher than that of purified cephamycin C. Since the studies of the assay characteristics of these three antibiotics indicated that the slope of a dose response curve in an agar-disc diffusion assay was very similar, we can conclude that cephamycin A and B are much less potent antibiotics than cephamycin C, although they do exhibit a wider spectrum of antibacterial activity. The purest cephamycin C reported here has been increased in potency more than 50-fold over the crude preparation. Comparison of the spectrum of the crude cephamycin C and its purified extract indicates that the same material was present in the broth as has been purified. The samples of cephamycins A and B employed in these studies were over 60% pure, as judged on the basis of chemical criteria (4) .
We have developed a series of Escherichia coli mutants selected in vitro for high levels of resistance to various antibiotics. As a consequence of this selection process, these cultures acquired resistance or hypersensitivity to varying degrees toward other antibiotics. The response of antibiotics in this test system has been observed to be related to chemical characteristics such as solubility and electrical charge rather than antibiotic mode-of-action. The result of measuring cross-resistance or collateral hypersensitivity is a pattern of response which is characteristic of a particular antibiotic or family of antibiotics.
The cross-resistance patterns of cephamycins A and C are presented in Table 7 . As was the case with the antibacterial spectrum, comparison of the results with crude and purified cephamycin C indicates that the same antibiotic was present in both samples. Comparison of the crossresistance patterns of cephamycins A and C reveals distinct differences. Cephamycin A exhibited cross-resistance with chloramphenicol, chlortetracycline, oxytetracycline, and tetracycline, whereas the pleocidin-resistant strain appears to have developed collateral hypersensitivity. None of these characteristics was evident in the pattern obtained from either crude or purified cephamycin C. With minor variations in potency, cephamycin C exhibited activity against all of the antibiotic-resistant E. coli strains tested. No data have been presented for cephamycin B, because its potency against E. coli was so low as to make such tests of very little value. It is probable that the pattern for cephamycin B resembles that of A, since the hypersensitivity of the neomycin-resistant and the pleocidin-resistant E. coli strains, observed with cephamycin A, were also seen with cephamycin B preparations. It should be emphasized that the antibiotic-resistant cultures in these 
